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此外，尽管 980 nm 激发的上转换纳米颗粒较为普遍地用于生物医学领域。
但是因为生物组织富含水分，而水分子对 980 nm 的光吸收较高，其吸收系数比
在 800 nm 波长处要高一个数量级，水分子吸收的光能转化成热能，当用 980 nm
激发时局部组织会产生很强的过热效应，从而导致局部组织的热损伤，同时也降
低了近红外光的组织穿透深度。这些问题限制了上转换发光材料在生物医学领域
中的应用。因此我们引入偶联吲哚菁绿（ICG）的 Gd3+掺杂的 800 nm 激光激发
的多壳 UCNPs，进行上转换发光（UCL）、光声和磁共振（MR）三模态成像。值
得注意的是，在 800 nm 光激发下，多壳结构的 UCNPs 发光效率明显增强，是






















Tumor microvessels as disease indicators are of great importance in cancer 
progression. Photoacoustic imaging (PAI) is particularly suitable for visualizing tumor 
vasculature. However, PAI usually maps a relatively small field-of-view due to 
moderate laser energy. At macroscopic level, fluorescence imaging can unveil tumor 
localization and organ distribution of in whole-body of mouse. However, fluorescence 
imaging often suffers from low spatial resolution and thus loses localization accuracy 
due to optical scattering. Although MRI is widely used in clinics and can provide an 
independent imaging mechanism, it requires cumbersome instrumentation and the data-
acquisition is quite time-consuming. Therefore, incorporating photoacoustic (PA), 
fluorescence and MR multi-modal imaging is highly desired for accurate disease 
diagnosis and comprehensive information. 
 Lanthanide-doped UCNPs, converting near infrared (NIR) light into visible light, 
possess several advantages including high tissue penetration depth, minimized auto-
fluorescence background, and low toxicity in biosamples. Notably, UCNPs have been 
extensively explored as multi-modal imaging probes by doping various lanthanide 
elements. Upconversion nanoparticles (UCNPs) allow whole-body fluorescence 
imaging with high contrast. Unfortunately, the low quantum yield (QY) and limited 
optical absorption of UCNPs result in low photon-to-ultrasound conversion efficiency. 
Additionally, strong water absorbance at 980 nm laser leads to overheating effects. 
Herein, for the first time, we introduce Gd3+ doped and indocyanine green (ICG) 
conjugated multi-shell UCNPs at 800 nm laser excitation for upconversion 
luminescence (UCL), photoacoustic and magnetic resonance (MR) tri-modal imaging. 
Notably, the UCL intensity of multi-shell UCNPs under 800 nm excitation was 
significantly enhanced 10-fold greater than that of 980 nm in water. Moreover, this 
fluorescent nanoprobe reached a penetration depth up to 25 mm with negligible 
















whole tumor while maintaining submillimeter resolution. MRI, as an independent 
mechanism, supplied high-resolution in vivo tumor and organ imaging such as liver. 
The excellent tri-modal imaging capacity endows the unique nanocomposites great 
potential for visualizing tumor morphology, microvessel distribution, and drug 
perfusion at new imaging depth. 
Keywords: High-efficient upconversion luminescence; photoacoustic (PA) imaging; 
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磁共振成像（Magnetic resonanic imaging，MRI）、计算机断层扫描（Computed 
tomography，CT）、核医学成像中正电子发射断层扫描（Positron emission 
























































































放射性核素。PET 使用生物活性的正电子放射性示踪剂如 18F 的衰变和导致衰变
的正电子和电子生产两个 γ 射线。是最敏感的定量测量体内生理过程的方法。




















表 1-1 不同成像技术特点比较 
Table 1-1 Comparison of properties between different imaging techniques 
 能量来源 常用对比剂 灵敏度 分辨率 成像深度 扫描时长 其它缺点 其它优点 临床应
用 
费用 










CT X 射线 碘对比剂 
对 X 射线有吸
收的纳米颗粒 
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